While the abuse of opiate drugs continues to rise, the neuroadaptations that occur with long-term drug exposure remain poorly understood. We describe here a series of chronic morphine-induced adaptations in ventral tegmental area (VTA) dopamine neurons, which are mediated via downregulation of AKT-mTORC2 (mammalian target of rapamycin complex-2). Chronic opiates decrease the size of VTA dopamine neurons in rodents, an effect seen in humans as well, and concomitantly increase the excitability of the cells but decrease dopamine output to target regions. Chronic morphine decreases mTORC2 activity, and overexpression of Rictor, a component of mTORC2, prevents morphine-induced changes in cell morphology and activity. Further, local knockout of Rictor in VTA decreases DA soma size and reduces rewarding responses to morphine, consistent with the hypothesis that these adaptations represent a mechanism of reward tolerance.
INTRODUCTION
A major neural substrate for the rewarding actions of opiates is dopaminergic (DA) neurons within the ventral tegmental area (VTA). Opiates acutely activate VTA DA neurons by inhibiting their GABAergic input through hyperpolarization of local GABA interneurons (Johnson and North, 1992) , and decreasing longterm potentiation of GABAergic synapses onto DA neurons (Niehaus et al., 2010) . Additionally, VTA DA neuron activity in vivo is increased in morphine-dependent rats, an effect normalized by either spontaneous or naloxone-precipitated withdrawal (Georges et al., 2006) . However, the influence of chronic opiates on the intrinsic excitability of VTA DA neurons remains unknown.
At a cellular level, we have shown that both chronic morphine administration and heroin self-administration in rats decreases the soma size of VTA DA neurons SklairTavron et al., 1996) . This reduced soma size is mediated by downregulation of a specific brain-derived neurotrophic factor (BDNF) signaling pathway involving insulin receptor substrate 2 (IRS2): the decrease in DA cell size is blocked by local infusion of BDNF (Sklair-Tavron et al., 1996) or viral-mediated overexpression of IRS2 in VTA, and mimicked by viral-mediated overexpression of a dominant-negative mutant of IRS2 (IRS2dn) in this brain region . Importantly, the decrease in soma size correlates with reward tolerance , where repeated drug use decreases the rewarding effect of the drug and leads to an escalation of drug intake, as seen in humans (O'Brien, 2001) . While these studies suggest that the protein kinase AKT, which is downstream of IRS2, is necessary and sufficient for the morphine-induced decrease in VTA cell size, the downstream signaling mechanisms involved remain unexplored. Moreover, the net effect of this decrease in VTA DA neuron soma size, along with any change in cell excitability, is unknown, although there are several reports of altered VTA DA soma size under other conditions (see Discussion).
Here, we focused on adaptations that chronic opiates induce in VTA DA neurons by further characterizing morphine-induced changes in VTA soma size, excitability, and functional output to target brain regions. We focus on AKT and one of its major downstream pathways, mammalian target of rapamycin (mTOR), as the critical mediators of morphine action, given the widely established role of this signaling pathway in cell growth. The serine/threonine kinase activity of mTOR, and its downstream substrates, depend on mTOR's association into two distinct complexes designated mTORC1 and mTORC2 (Foster and Fingar, 2010; Laplante and Sabatini, 2009 ). Both contain mTOR, mammalian lethal with Sec13 protein 8, and DEPdomain-containing mTOR interacting protein in addition to proteins specific to each complex. mTORC1 includes regulatory-associated protein of mTOR (Raptor) and proline-rich AKT substrate 40 kDa and promotes protein synthesis and cell growth through phosphorylation of two main substrates, eukaryotic initiation factor 4E-binding protein 1 (4EBP1) and p70 ribosomal S6 kinase 1 (p70S6K). This complex is sensitive to inhibition by rapamycin and is activated in response to several stimuli including nutrients and amino acids. In contrast, mTORC2 specifically contains rapamycin-insensitive companion of mTOR (Rictor), mammalian stress-activated protein kinase interacting protein, and protein observed with rictor-1, and phosphorylates the hydrophobic motif (HM) of multiple kinases including AKT, protein kinase Ca (PKCa), and serum-and glucocorticoid-inducible kinase 1. mTORC2 activity was originally implicated in cytoskeletal remodeling (Sarbassov et al., 2004) , and recent evidence suggests a role in cell survival and growth as well; however, the upstream activators are poorly understood (Pearce et al., 2010) .
Results of the present study show that the morphine-induced decrease in VTA DA soma size occurs concomitantly with an increase in the intrinsic excitability of these neurons, and that the net functional effect of chronic morphine is to decrease DA output to target regions. This net effect is consistent with morphine reward tolerance observed under these conditions. We go on to show that these adaptations induced by chronic morphine-including decreased soma size, increased excitability, and reward tolerance-are mediated via downregulation of IRS2-AKT and mTORC2 activity in this brain region. These results are surprising since our starting hypothesis was that chronic morphine might decrease mTORC1 activity, in concert with downregulation of IRS2-AKT, based on several reports that tie mTORC1 activity to regulation of neuronal growth and size (Kwon et al., 2003; Zhou et al., 2009 ). Counter to this hypothesis, mTORC1 signaling was increased in VTA by chronic morphine, an effect not related to the other actions of morphine on VTA DA neurons. Together, the findings reported here describe a fundamentally novel molecular pathway, involving decreased mTORC2 signaling, possibly as a result of decreased IRS2 signaling, through which chronic opiates alter the phenotype of VTA DA neurons to produce reward tolerance.
RESULTS
Chronic Morphine Alters VTA DA Neuron Morphology, Activity, and Output to NAc We set out to characterize the effects of chronic morphine on several phenotypic characteristics of VTA DA neurons. We first determined whether morphine induces a morphological change in the mouse VTA similar to that seen in rats. We found an $25% decrease in the mean surface area of mouse VTA DA neurons in response to chronic morphine ( Figure 1A ), very similar to the magnitude of soma size decrease observed in rats Sklair-Tavron et al., 1996) . To study the clinical relevance of this finding, we examined postmortem sections of human brain and observed a significant decrease in the soma size of VTA DA neurons in heroin users compared with controls ( Figure 1B) .
We next examined whether the chronic opiate-induced morphological change was correlated with changes in DA neuronal excitability. We found that chronic morphine-treated mice, compared with sham-treated mice, exhibited an increase in the spontaneous firing rate of VTA DA neurons in brain slices ( Figure 1C ). This effect was not dependent on residual morphine in the slice, since blockade of opioid receptors with naloxone did not affect cell excitability ( Figure 1C) . Moreover, the inclusion of a low dose of morphine (5 mM) in the bath solution to prevent ''withdrawal'' in the slice did not alter DA neuron firing rate ( Figure 1C ).
Given the observations that chronic morphine decreases the size of VTA DA neurons, but concomitantly increases their excitability, it was important to determine whether net DA output from VTA is altered. We examined levels of extracellular DA in nucleus accumbens (NAc) in vivo, widely considered a key determinant of reward (Hyman et al., 2006) . In opposition to the increased firing rate, we found that chronic morphine dramatically decreased electrically evoked DA output in NAc of rats as measured by fast-scan cyclic voltammetry ( Figure 1D ). This reduction in DA output from VTA DA neurons supports the notion that the reduced soma size of the neurons, induced by chronic morphine, correlates with functional output, consistent with the reward tolerance induced by chronic morphine under these conditions .
Alteration of VTA Neuronal Activity Regulates DA Soma Size Next, we examined a possible relationship between the increase in VTA DA neuron firing rate and soma size decrease, with the hypothesis that the increased firing rate per se induces changes in soma size. We virally overexpressed a dominant-negative K + channel subunit (dnK, KCNAB2-S188A, R189L) locally within VTA; we showed previously that this mutant channel increases the firing rate of VTA DA neurons (Krishnan et al., 2007) . Overexpression of dnK was sufficient to decrease the surface area of VTA DA neurons (Figure 2A) . To obtain the converse type of information, we virally overexpressed wild-type Kir2.1 in VTA, which we showed decreases DA neuron firing rate (Krishnan et al., 2007) . While overexpression of Kir2.1 alone did not affect VTA DA soma size (data not shown), it completely blocked the ability of chronic morphine both to decrease soma size ( Figure 2B ) and to increase DA neuron firing rate ( Figure 2C ). These findings support our hypothesis that the morphine-induced increase in VTA DA neuron excitability is both necessary and sufficient for mediating the decrease in soma size.
Chronic Morphine Alters K + Channel Expression in VTA
Given the increase in VTA DA neuronal firing rate observed in response to chronic morphine, we examined possible underlying mechanisms. One possibility is that morphine, by downregulating AKT activity in these neurons , might increase GABA A currents, as demonstrated previously (Krishnan et al., 2008) . Another possibility is that K + channels may be modulated, since many conditions associated with altered neuronal excitability involve changes in K + channel expression (Lü scher and Slesinger, 2010) . To test this possibility, we examined VTA from mice that received sham or morphine pellets and analyzed by PCR the expression of K + channels whose regulation has been implicated in other systems. We observed a significant decrease in expression levels of two K + channel subunits, KCNAB2 and GIRK3, with a trend seen for several others ( Figure 3A ). To examine whether decreased K + channel expression is regulated at the transcriptional level, we performed chromatin immunoprecipitation (ChIP) on VTA dissected from sham-and morphine-treated rats. Overall, we observed epigenetic changes consistent with K + channel downregulation ( Figures 3B and 3C ).
Modifications consistent with increased transcription-acetylation of histones H3 and H4, trimethylation of Lys-4 of H3, and binding of RNA polymerase II (POL2)-were significantly decreased at the KCNAB2 and KCNF1 promoters ( Figure 3B ) and decreased trimethylation of Lys-4 of H3 and binding of RNA polymerase II (POL2) was observed at the GIRK3 promoter. These changes suggest that, in addition to morphine potentially reducing GABA A responses in VTA DA neurons, expression of specific K + channel subunits is reduced via transcriptional mechanisms to further mediate enhanced excitability of these neurons.
Since both chronic morphine and decreased AKT signaling increase VTA DA neuron firing rate, we next examined whether decreasing AKT activity also decreases K + channel expression similarly to chronic morphine. To test this possibility, we analyzed VTA from mice that had received intra-VTA injections of either HSV-GFP or HSV-IRS2dn. We overexpressed IRS2dn because this is the most direct way of reducing AKT activity without affecting total levels of the enzyme, as seen with chronic morphine. We observed a significant decrease in levels of expression of three K + channel subunits, KCNF1, KCNJ2, and GIRK3 ( Figure 4A ). These data suggest that, in addition to altering DA neuronal activity via GABA A channel regulation, altering AKT signaling can also modulate K + channel expression.
Finally, since both chronic morphine and decreased IRS2/ AKT signaling control VTA DA neuronal morphology and excitability, we determined whether decreased AKT signaling also affects DA output to NAc. As found with chronic morphine, HSV-IRS2dn in VTA decreased electrically evoked DA output in rat NAc ( Figure 4B ).
Based on our prior research in rats showing that IRS2 downregulation mediates the chronic morphine-induced decrease in VTA DA soma size , we assumed that this morphological change was likewise dependent on AKT downregulation. To verify this directly, we virally overexpressed either a dominant-negative (AKTdn) or constitutively active (AKTca) AKT mutant and examined VTA DA neuron morphology. As predicted, AKTdn significantly decreased VTA soma size, while AKTca increased it ( Figure 4C ). Together, these data establish that chronic morphine and reduced IRS2/AKT signaling decrease VTA DA soma size, K + channel expression, and DA output to NAc.
Chronic Morphine Alters mTOR Signaling in VTA
To investigate other signaling changes associated with IRS2/ AKT that mediate morphological and physiological adaptations to opiates, we first collected VTA from chronic morphine-treated rats. Consistent with previous observations Wolf et al., 1999) , we found a morphine-induced decrease in levels of total IRS2 and of phospho-AKT, with no change in total levels of AKT, in VTA (see Figure S1A available online). The decrease in phospho-AKT was associated, as would be expected, with a decrease in levels of phospho-glycogen synthase kinase-3b (GSK3b), a major downstream target of AKT, with no change in total GSK3b levels. Another indirect downstream target of AKT is mTORC1. However, in contrast to an expected decrease in mTORC1 activity, we obtained evidence for increased mTORC1 signaling in VTA in response to chronic morphine, based on increased levels of phospho-S6 and phospho-4EBP ( Figure S1A ). Total levels of S6 and 4EBP were also increased, as was the positive regulator of mTORC1 activity, ras homolog enriched in brain (Rheb). There was also a nonsignificant trend for increased phospho-mTOR and phospho-p70S6K, a direct target of mTORC1. These data indicate that morphine increases mTORC1 signaling in VTA coincident with a decrease in upstream IRS2/AKT signaling.
We determined whether these changes in IRS2/AKT and mTORC1 signaling were specific to VTA or were a generalized response to chronic opiates. In contrast to VTA, we did not RT-PCR analysis revealed a significant decrease in levels of KCNAB2 and GIRK3 mRNA in the mouse VTA following chronic morphine. Student's t test, *p < 0.05, n = 9-11 mice/group. (B) Epigenetic changes associated with increased gene expression were significantly decreased at the promoters of KCNAB2, KCNF1, GIRK1, and GIRK3 genes in VTA by chronic morphine. Antibodies to acH3, acH4, 3mK4H3, and POL2 were used for ChIP. Student's t test, *p < 0.05, **p < 0.01, n = 3-7 samples/group (4-5 rats pooled/sample). (C) An epigenetic change consistent with decreased expression (MeCP2 binding) was increased at the KCNF1 and GIRK2 gene promoters in VTA by chronic morphine. Student's t test, *p < 0.05, n = 3-4 samples/group (4-5 rats pooled/sample). Data are mean ± SEM.
Neuron mTORC2 in Opiate-Induced Neuroadaptations in VTA observe any opiate-induced changes in the IRS2/AKT/mTORC1 signaling pathway in NAc ( Figure S1B ), suggesting some specificity of opiate-induced adaptations within the brain reward circuit. We next examined whether chronic morphine produced comparable biochemical changes in mice. We found, analogous to data from rats, that levels of IRS2 and phospho-AKT (Thr-308) were decreased in mouse VTA by chronic morphine, while levels of phospho-S6 were increased (Figures 5A and 5B) . Total levels of AKT and S6 were unaffected. We also observed increased levels of phospho-p70S6K. In contrast, we observed no morphine regulation of proteins immediately upstream of mTORC1, including Rheb, TSC1, or TSC2. Note that we were unable to assess levels of phospho-and total 4EBP in mouse VTA, since available antibodies did not yield a reliable signal.
Since mTOR forms two distinct signaling complexes, mTORC1 and mTORC2, we investigated whether activity of both complexes was altered by chronic morphine. While the Thr-308 site of AKT is phosphorylated by PDK, the Ser-473 site is a substrate of mTORC2, and phosphorylation of both sites is associated with increased AKT catalytic activity (Sarbassov et al., 2005b) . As with the Thr-308 site, we observed a morphine-induced decrease in levels of phospho-AKT at Ser-473 in VTA ( Figures 4A and 4B ). Chronic morphine also decreased the phosphorylation state of another target of mTORC2, PKCa, in this brain region. We did not detect any changes in levels of phospho-or total mTOR or changes in its associated proteins, Raptor or Rictor. Together, these data show that chronic morphine decreases AKT signaling in VTA, which is associated with an increase in mTORC1 signaling but a decrease in mTORC2 signaling. Importantly, we did not observe any changes in IRS2/AKT, mTORC1, or mTORC2 signaling in VTA of mice that overexpressed dnK ( Figure S1C ), suggesting that increased VTA neuronal activity per se is not sufficient to induce changes in these signaling pathways. While it is well established that IRS2/AKT signaling is an upstream mediator of mTORC1 activity, regulation of mTORC2 activity is not well defined. It has been suggested that decreased growth factor signaling may decrease mTORC2 activity through reduced phosphatidylinositol-3-kinase (PI3K) activity (which is downstream of IRS2) (Foster and Fingar, 2010; Oh and Jacinto, 2011) . In support of this possibility, we found that IRS2dn overexpression in cultured pheochromocytoma cells decreases phospho-AKT at its mTORC2 (Ser-473) site . When we overexpresssed IRS2dn in mouse VTA, we observed the expected decrease in phospho-AKT Thr-308 (GFP: 100.0% ± 8.8% n = 5, IRS2dn: 65.7% ± 7.6% n = 8, t test, p < 0.05), plus a trend for decreased phospho-AKT Ser-473 (GFP: 100.0% ± 7.5% n = 5, IRS2dn: 68.8% ± 11.4% n = 8, t test, p = 0.07), suggesting that this regulation may also occur in VTA in vivo.
Since the increase in mTORC1 signaling was unexpected given the decreases in phospho-AKT and VTA DA soma size, we determined whether induction of mTORC1 activity was occurring within VTA DA neurons. We performed immunohistochemistry on VTA sections taken from morphine-or shamtreated mice and found increased colocalization of phospho-S6 and tyrosine hydroxylase (TH), a marker of DA neurons, in (A and B) Chronic morphine decreased IRS2 and phospho-AKT in the mouse VTA, while mTORC1 signaling is increased (blue) and mTORC2 signaling is decreased (red). Student's t test, *p < 0.05, n = 9-29 mice/group. Representative blots are shown in (A) and means are shown in (B). (C) mTORC1 activity was further assessed in the mouse VTA by immunohistochemical labeling of phospho-S6. VTA sections were labeled for phospho-S6 (red) and tyrosine hydroxylase (TH) (green). Phospho-S6 labeling was specific, as treatment with the mTORC1 inhibitor rapamycin (30 mg/kg daily, 6 days) eliminated the signal detected in VTA. (D) The proportion of TH and phospho-S6 colabeled cells increased in mice treated with chronic morphine. Student's t test, *p < 0.05, n = 9 mice/group (9-29 colabeled cells/mouse). Representative scans are shown below the bar graph. (E) Soma size did not differ between phospho-S6+ and À cells. n = 9 mice (3-9 cells/mouse). (F and G) Rapamycin (10 or 30 mg/kg daily, 6 days) decreased mTORC1 signaling in VTA without affecting mTORC2. One-way ANOVA, Tukey's post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001 compared with vehicle treatment, n = 8 mice/group. Representative blots are shown in (F). Figure 5D ). The specificity of the phospho-S6 signal was validated by rapamycin (a selective inhibitor of mTORC1): sections from mice treated with rapamycin (30 mg/kg, i.p. daily, 6 days) showed no detectable phospho-S6 signal within VTA ( Figure 5C ). Further, the morphine-induced increase in phospho-S6+ cells was specific for TH+ cells within VTA, as there was no evidence for an increase in the number of phospho-S6+, TH-cells (sham: 2.39 ± 0.69 cells/scan, morphine: 1.5 ± 0.31 cells/scan, N = 18 mice, p > 0.1). However, there was no difference in mean soma size of TH+ DA neurons that were either phospho-S6+ or -( Figure 5E ), showing that phospho-S6 status was not correlated to DA soma size.
We next used rapamycin to directly assess whether the increase in mTORC1 activity was integral to the morphineinduced morphology changes. We administered rapamycin (10 or 30 mg/kg i.p. daily for 6 days) to mice and found the expected dose-dependent decrease in levels of phospho-mTOR and phospho-S6 in VTA ( Figures 5F and 5G ). We did not observe a significant decrease in phospho-p70S6K, but this may be due to an increase in total p70S6K levels induced by this treatment. This effect of rapamycin was specific for mTORC1, since there was no evidence of altered mTORC2 activity, based on normal levels of phospho-AKT (Ser-473) and phospho-PKCa, in VTA. Rapamycin treatment of morphine-naive mice had no effect on VTA DA cell surface area, demonstrating that decreasing mTORC1 activity per se is not sufficient to alter the size of these neurons ( Figure 5H ). Further, when mice were pretreated with rapamycin and then treated chronically with morphine, we still observed the expected morphine-induced decrease in DA soma size. These findings show that preventing the morphineinduced increase in mTORC1 signaling in VTA does not block the morphine-induced decrease in soma size.
mTORC2 Activity Regulates Morphine-Induced Changes in Cell Morphology, Cell Physiology, and Behavior Since there is no selective small molecule inhibitor of mTORC2, we used a conditional neuronal knockout strategy, with recently developed floxed-Rictor mice (Siuta et al., 2010) to directly study the contribution of mTORC2 in morphine action. Knocking out Rictor enables a selective reduction in mTORC2 activity, without any discernable effect on mTORC1. To achieve a local knockout of Rictor from VTA, we injected AAV-Cre into VTA of floxed-Rictor mice or into wild-type littermates as a control ( Figure 6A ). Knockout was validated by RT-PCR and western blot analysis, where we observed a significant decrease in Rictor mRNA in VTA and decreased phosphorylation of the mTORC2 substrates AKT (Ser-473) and PKCa ( Figure S2A ). Local Rictor knockout also decreased DA cell surface area by $20% ( Figure 6B ). We next developed an HSV to overexpress Rictor-T1135A. This Rictor mutant increases mTORC2 activity, and lacks the p70S6K phosphorylation site, eliminating the possibility of mTORC1 negative feedback regulation of mTORC2 (see Discussion) . This vector increased Rictor expression and mTORC2 signaling in VTA ( Figure S2B) , and blocked the morphineinduced decrease in DA neuron soma size ( Figure 6B ). These results demonstrate that downregulation of mTORC2 signaling in VTA is both necessary and sufficient for mediating the morphine-induced decrease in DA soma size.
In addition to the mTOR pathway, another downstream target of AKT that has been observed to affect neuronal size and structure in other systems is GSK3b (van Diepen et al., 2009 ). Since we observe changes consistent with increased GSK3b activity (decreased phospho-GSK3b, Figure S1A ) in VTA after chronic morphine, we studied the possible influence of GSK3b in regulating VTA DA soma size. Overexpression of wild-type GSK3b in VTA, which mimics morphine regulation of the protein, did not alter soma size ( Figure S3 ). Additionally, when we overexpressed a dominant-negative mutant of GSK3b (K85A-K86A) to block the morphine-induced increase in enzyme activity, we still observed the expected decrease in soma size. These data suggest that GSK3b activity in VTA is not involved in morphineinduced changes in the morphology of VTA DA neurons.
To investigate whether mTORC2 downregulation might also contribute to the morphine-induced increase in DA neuron firing rate, we injected HSV-Rictor-T1135A into mouse VTA, treated the mice with sham or morphine pellets, and recorded DA neuron firing rates in acute VTA slices. Similarly to Figure 1C , chronic morphine increased DA neuron firing rate in both GFP-positive and GFP-negative cells compared with sham-treated mice (Figure 6C) . However, in cells that overexpressed Rictor, the morphine-induced increase in firing rate was completely abolished ( Figure 6C ). Further, it was the overexpression of Rictor in the DA neurons themselves driving the effect, as GFP-negative DA neurons from the Rictor-morphine mice still showed the morphine-induced increase in firing rate. These data support a cell-autonomous link between decreased mTORC2 activity and increased VTA DA neuron excitability induced by chronic morphine.
Given that Rictor overexpression prevented morphineinduced changes in VTA neuron morphology and excitability, we next assessed whether altered mTORC2 activity might also affect morphine reward as measured by place conditioning. below bars. HSV-Rictor-T1135A blocked the decrease in VTA DA soma size induced by morphine. One-way ANOVA, Dunnett's post-hoc *p < 0.05 GFP-sham compared with GFP-morphine, n = 4-6 mice/group (2-9 cells/mouse). (C) HSV-Rictor-T1135A also blocked the morphine-induced increase in DA neuron firing rate. One-way ANOVA, Tukey's post-hoc test, **p < 0.01, n = 4-7 mice/ group (3-14 cells/mouse). (D) Rictor-T1135A in VTA induced morphine place conditioning to a low dose of morphine (5 mg/kg, i.p.) that did not induce preference in GFP-treated mice. Rictor-T1135A also increased morphine-induced locomotor activity. Top panel, mean locomotor activity. Two-way repeated-measures ANOVA, treatment variable significant, Bonferroni post-test, day 3 Rictor versus GFP, *p < 0.05, n = 12-13 mice/group. Bottom panel, place preference, n = 9-10 mice/group, Student's t test, *p < 0.01. (E) Local knockout of Rictor in floxed-Rictor mice significantly decreased morphine CPP without affecting morphine locomotor activity (15 mg/kg, i.p.). Top panel, mean locomotor activity, Two-way repeated-measures ANOVA p > 0.05, n = 12-13 mice/group, bottom panel, CPP, n = 12-13 mice/group, Student's t test, *p < 0.05. All scale bars are 20 mm. Data are mean ± SEM.
Neuron mTORC2 in Opiate-Induced Neuroadaptations in VTA
We found that Rictor overexpression caused a significant place preference to a low dose of morphine (5 mg/kg) that does not induce preference in GFP-injected mice ( Figure 6D ). Rictor overexpression also increased morphine-induced locomotor activity ( Figure 6D ). Conversely, local knockout of Rictor in VTA decreased morphine place preference (15 mg/kg) without affecting locomotor activity ( Figure 6E ). These data are consistent with our previous findings that treatments that decrease VTA DA soma size-chronic morphine or decreased AKT signaling-decrease morphine reward.
DISCUSSION
Results of the present study establish that chronic morphine induces a pattern of phenotypic changes in VTA DA neurons characterized by decreased soma size, increased cell excitability, and decreased DA output to NAc. The dramatic decrease in DA output is consistent with the profound reward tolerance observed previously . Such reward tolerance would be expected to lead to an escalation of drug intake to overcome this cellular break, as seen clinically (O'Brien, 2001 ). These morphine-induced changes in VTA could thus be viewed as homeostatic adaptations to counter the effects of sustained morphine exposure. We provide several lines of evidence that these adaptations to chronic morphine are mediated via downregulation of AKT-mTORC2 signaling in VTA DA neurons. Our data suggest that AKT-mTORC2 downregulation increases the excitability of these neurons in part through the repression of specific K + channel subunits and that this increased excitability triggers a decrease in VTA soma size, the net effect of which is to decrease DA output and dampen reward. The findings of reduced DA soma size and DA output are consistent with earlier reports that chronic morphine decreases levels of neurofilament proteins in VTA and impairs axoplasmic transport from VTA to NAc (Beitner-Johnson et al., 1992; Beitner-Johnson and Nestler, 1993) . Some of these neuroadaptations may also contribute to withdrawal symptoms from chronic morphine, as decreased VTA DA soma size (Spiga et al., 2003) , neuronal activity (Diana et al., 1995) , and output to NAc (Pothos et al., 1991; Rossetti et al., 1992a Rossetti et al., , 1992b are reported in morphine-withdrawn rats.
Opiate-Induced Structural Plasticity and Neuronal Excitability Are Linked Our observation that chronic morphine increases the intrinsic excitability of VTA DA neurons in brain slices is consistent with previous findings of increased VTA neuronal firing rate in morphine-dependent rats in vivo (Georges et al., 2006) . Previous data and our current findings suggest that chronic morphine induces this increased excitability of VTA DA neurons by at least two mechanisms: downregulation of AKT which reduces GABA A currents in these neurons (Krishnan et al., 2008) , and repression of KCNAB2 and perhaps other K + channel subunits (Figure 3 ). The reduced expression of K + channel genes, which reflects a transcriptional effect based on our ChIP assays, appears to be mediated by reduced AKT signaling, as overexpression of IRS2dn was sufficient to decrease expression of several K + channel subunits. Downregulation of mTORC2 is also required for the morphine-induced increase in VTA excitability, since Rictor overexpression, which prevented morphine downregulation of AKT activity, was sufficient to rescue this morphine effect, although whether this action was through AKT modulation of GABA A channels, K + channels, or another mTORC2 target has yet to be determined. Since we only observed the rescue of firing rate in VTA DA neurons that overexpressed Rictor, and not in nearby GFP-negative DA neurons, we believe that restoration of AKT/mTORC2 activity within DA neurons is sufficient to rescue opiate-induced changes. However, this does not preclude the possible influence of VTA GABA neurons in morphine-induced changes, as our viral manipulations were not specific for DA neurons. For example, HSV-dnK might also increase the activity of VTA GABA neurons, which would then decrease the activity of nearby DA neurons. However, we see a decrease in DA soma size with morphine, which is known to decrease GABA activity, making dnK activation of GABA neurons an unlikely contributor. A direct test of this hypothesis awaits the development of viral vectors that target specific neuronal subpopulations.
Interestingly, we show here that the morphine-induced increase in VTA neuronal firing is integrally linked to the morphine-induced decrease in VTA soma size: overexpression of a K + channel subunit that inhibits cell firing also prevents the morphine-induced decrease in cell size, while overexpression of a dominant-negative K + channel that increases cell firing mimics morphine action. There has been a lot of attention in recent years to ''homeostatic plasticity,'' where the intrinsic activity of a cell adapts to a chronic stimulus in an attempt to compensate for the effects of that stimulus (Turrigiano and Nelson, 2004) . Our findings suggest the novel idea that such homeostatic adaptations also involve visible changes in the overall size of neuronal cell bodies, and further establish structural plasticity as a necessary concomitant of plasticity in neuronal excitability. A similar phenomenon was recently described by Coque et al. (2011) in ClockD19 mice, which also exhibit decreased VTA DA soma size and increased DA firing rate. The authors observed that lithium treatment rescued both the VTA DA morphological and activity changes, as did overexpression of wild-type Kir2.1.
mTORC2 Activity Is Critical for Opiate-induced Changes in VTA Morphology and Excitability
We demonstrated previously that a morphine-induced decrease in IRS2 signaling is an obligatory step in the mechanism by which chronic morphine decreases the size of VTA DA neurons . We had presumed, based on this study and on reports in other systems, that AKT, a downstream mediator of IRS2, is a key determinant of cell size (Chen et al., 2001; Easton et al., 2005) , and that consequent decreased AKT activitydownstream of reduced IRS2 signaling-is responsible for this morphine effect. Indeed, we show here that AKTdn mimics the ability of chronic morphine to decrease VTA cell size. The next step was to determine how a decrease in AKT signaling results in a decrease in VTA DA neuron size. We show that one mechanism may be through increased neuronal excitability as noted above. In addition, our expectation was that a decrease in mTORC1 signaling was also likely to mediate this effect, given the wealth of evidence that mTORC1 signaling plays a critical role in cell growth (Sarbassov et al., 2005a ) including neuronal hypertrophy (Kwon et al., 2003; Zhou et al., 2009) . Surprisingly, we observed increased phosphorylation of mTORC1 substrates at a time point when we observe a decrease in VTA soma size. To determine whether this increase could be a compensatory response and actually lead to a decrease in IRS2 and phospho-AKT, as has been shown in cell culture with constitutive Rheb activity (Shah et al., 2004) , we pretreated mice with rapamycin and studied its effects on VTA cell size. Rapamycin did not impede the ability of chronic morphine to decrease DA neuron size, suggesting that the increase in mTORC1 signaling is not necessary to induce the soma size changes. Given recent evidence that increased mTORC1 signaling can contribute to neurological and neuropsychiatric conditions (Ehninger et al., 2009; Hoeffer and Klann, 2010; Hoeffer et al., 2008) , it is important to investigate whether elevated mTORC1 activity plays a role in other effects of morphine.
In contrast to the morphine-induced increase in mTORC1 activity in VTA, we show here that chronic morphine decreases mTORC2 activity in this brain region, based on reduced phosphorylation of two key substrates for this complex, AKT (Ser-473) and PKCa. This raised the novel possibility that perhaps the downregulation of mTORC2 is responsible for the actions of morphine in VTA. Much less is known about the mTORC2 pathway, largely due to the lack of a specific inhibitor for this enzyme complex and the embryonic lethality of knocking out its constituent proteins. Recently, the importance of mTORC2 signaling in brain has been shown through the use of a conditional knockout of Rictor (Siuta et al., 2010) . Here, we locally knocked out Rictor by injecting AAV-Cre into VTA of adult floxed Rictor mice and showed that this knockout was sufficient to decrease VTA DA soma size. Conversely, overexpression of Rictor blocked the morphine-induced decrease in soma size as well as the increase in neuronal activity, as noted above, thereby implicating mTORC2 activity in both of these morphine-induced changes. Such a role was further solidified in behavioral studies where we demonstrated that decreased mTORC2 activity decreased morphine reward as measured by conditioned place preference, while increasing mTORC2 activity increased it. These data suggest that mTORC2 activity might play an important role in morphine addiction, a possibility that now warrants direct examination in more sophisticated behavioral paradigms. The mechanism of the morphine-induced decrease in mTORC2 activity remains unknown, although our preliminary evidence suggests that this may be dependent on downregulation of IRS2.
VTA Soma Size Is a Homeostatic Adaptation to Chronic Stimulation
While our findings show that shrinkage of VTA DA neurons in response to morphine is closely correlated with important functional consequences, it is not possible technically to demonstrate a direct causal relationship due to the inability to specifically decrease cell size without also altering many other cellular activities. Nevertheless, other groups have corroborated the morphine-induced decrease in DA soma size (Chu et al., 2007; Spiga et al., 2003) and we show here an equivalent decrease in human heroin addicts. Also, similar decreases have been reported in rats after chronic cannabinoid administration (Spiga et al., 2010) . Moreover, several molecular manipulations that decrease VTA DA soma size (decreased BDNF, IRS2-AKT signaling, mTORC2 signaling, and K + channel activity)
are associated with increased VTA excitability and reward tolerance. It was also reported recently that acupuncture reverses the morphine-induced decrease in VTA DA soma size and restores morphine reward in opiate-dependent rats (Chu et al., 2007; Hu et al., 2009 ). Together, these data suggest that the decreased size of VTA DA neurons represents a functionally important, homeostatic adaptation in response to chronic activation of the reward circuit, although definitive proof must await tools that make it possible to experimentally alter cell size per se.
Deciphering Complex Neurotrophic Signaling Pathways in VTA In Vivo
This study is, to our knowledge, the first to show opposite regulation of mTORC1 and mTORC2 signaling in brain. This opposing regulation has been demonstrated in epithelial cells, where mTORC1 signaling was increased and mTORC2 signaling was decreased due to the knockout of Syndecan 4 (Partovian et al., 2008) . Interestingly, it was noted that epithelial cell size was decreased, suggesting that decreased mTORC2 signaling, even in the presence of increased mTORC1 signaling, is capable of decreasing cell size. Recent evidence, in cultured cells, suggests that the interplay between these two mTOR complexes may be mediated in part by the ability of the mTORC1 substrate p70S6K to phosphorylate Rictor at residue Thr-1135 (Dibble et al., 2009; Julien et al., 2010; Treins et al., 2010) . Such phosphorylation of Rictor may decrease mTORC2 activity, as two groups have found that mutation of Thr-1135 to Ala increases phosphorylation of AKT at Thr-473, an mTORC2 specific site (Dibble et al., 2009; Julien et al., 2010) , although other groups do not observe such an alteration in mTORC2 activity (Boulbes et al., 2010; Treins et al., 2010) . The potential interplay between mTORC1 and mTORC2 signals highlights the complexity of dissecting their roles in the opiate-mediated effects in VTA in vivo. We propose the model depicted in Figure 7 . Chronic opiates, through a reduction in BDNF signaling, reduce AKT activity via reduced phosphorylation at its two main sites. This occurs through two mechanisms: a decrease in total levels of IRS2 and a decrease in mTORC2 activity. These mechanisms may not be functionally distinct, as downregulation of IRS2 may also lead to decreased mTORC2 activity, consistent with the idea that phosphorylation of the two AKT sites occurs sequentially (Pearce et al., 2010; Oh and Jacinto, 2011) . Reduced AKT-mTORC2 activity then increases VTA neuronal excitability via reduced phosphorylation of GABA A b-subunits (Krishnan et al., 2008; Wang et al., 2003) and decreased expression of K + channels. Whether mTORC2 decreases VTA DA activity only via AKT modulation of GABA A and K + channel activity or via additional mechanisms has yet to be determined. Such increased VTA DA neuron excitability directly triggers shrinkage in the soma size of these neurons, which we propose is a key cellular adaptation that impairs DA output to target regions and mediates reward tolerance. Given that mTORC2's first noted function was in regulating actin cytoskeleton organization (Sarbassov et al., 2004) , decreased mTORC2 activity may alter VTA DA morphology independent of AKT and cell excitability, but this will require identification of additional mTORC2 substrates, a major gap of knowledge in the field. This scheme leaves unanswered two key questions. By what mechanism does chronic morphine repress IRS2 expression, and by what mechanism does chronic morphine induce mTORC1 activity despite a reduction in AKT signaling and lack of alteration in several other upstream proteins. The two events may be related, since induction of mTORC1 has been shown to decrease IRS2 in cultured cells via increased degradation of the protein (Shah et al., 2004) , however, we see no effect of rapamycin on morphine-induced downregulation of the AKT-mTORC2 pathway. Clearly, delineating these complex signaling pathways underlying chronic morphine regulation of VTA DA neurons is very difficult using an in vivo paradigm, yet morphine regulation of VTA DA soma size is not observed in cultured neurons (unpublished observations), demonstrating the importance of focusing on in vivo systems. Indeed, we show here unique patterns of regulation of IRS2/AKT/mTOR signaling in VTA DA neurons in response to chronic morphine in vivo. Our evidence for a novel role of mTORC2 signaling in mediating morphine's regulation of VTA DA neuron excitability and size raises fundamentally new approaches for the development of treatment agents that counteract these effects of chronic morphine and its important downstream functional consequences related to opiate addiction.
EXPERIMENTAL PROCEDURES

Subjects and Drugs
For all experiments, animals were male, fed ad libitum, and kept on a 12 hr light/dark cycle. Sprague-Dawley rats (250-275 g, Charles River) and 8-9 week c57BL/6 mice (Jackson Labs) were given s.c. morphine pellets (75 or 25 mg, respectively) as described previously (McClung et al., 2005 , Fischer et al., 2008 . Homozygous floxed-Rictor mice and wild-type littermates were generated as described previously (Shiota et al., 2006; Siuta et al., 2010 Chronic morphine decreases VTA DA soma size yet increases neuronal excitability, while DA transmission to NAc is decreased. The net effect of morphine is a less responsive reward pathway, i.e., reward tolerance. Downregulation of IRS2-AKT signaling in VTA mediates the effects of chronic morphine on soma size and electrical excitability; the effect on excitability is mediated via decreased GABA A currents and suppression of K + channel expression. Morphine-induced downregulation of mTORC2 activity in VTA is crucial for these morphineinduced morphological and physiological adaptations as well as for reward tolerance. In contrast to mTORC2, chronic morphine increases mTORC1 activity, which does not influence these morphine-induced adaptations.
Human Postmortem Study
Human specimens were obtained from the Forensic Medicine Departments of Semmelweis University (Budapest, Hungary) and of Karolinska Institutet (Stockholm, Sweden) under approved local protocols (Horvath et al., 2007) . Fresh-frozen brain sections (20 mm) were analyzed from control or heroin-overdose subjects. All samples had a postmortem interval (PMI) of <24 hr and were tested for common drugs of abuse and therapeutic drugs; demographic data are given in Table S1 .
Viral-Mediated Gene Transfer
For stereotaxic surgeries, mice were anaesthetized with ketamine (100 mg/kg) and xylazine (100 mg/kg) and VTA was targeted using established coordinates. Bilateral 33 g syringes were used to infuse HSV at a flow rate of $0.1 ml/min. HSV vectors encoding GFP, IRS2dn, AKTdn, AKTca, dnK, Kir2.1, GSK3b, and GSK3bdn have been previously used and validated (Krishnan et al., 2007; Russo et al., 2007) . Rictor cDNA (T1135A mutant) was provided by Dr. Brandon Manning (Harvard) and was cloned into the p1005 HSV vector. Rictor overexpression was verified by RT-PCR and western blot analysis ( Figure S2B ). AAV-GFP and AAV-Cre-GFP were used as described previously .
Western Blotting
Tissue was collected and processed as described previously (Krishnan et al., 2008; Russo et al., 2007) . Samples were processed in RIPA buffer, quantified, electrophoresed, transferred to PVDF, and blotted using standard procedures.
Immunohistochemistry and Confocal Microscopy
Mice were perfused and sections (30 mm) containing VTA were selected for analysis. Immunohistochemistry was completed for TH, GFP, and/or Cre and DA cell size analysis was completed as described previously . For colocalization studies, sections were incubated with antibodies to TH and phospho-S6, confocal scans were obtained, and the number of TH+, p-S6+, and dual-labeled cells were counted by a blind observer.
Electrophysiology
Mice were implanted with sham or morphine pellets, perfused $48 hr later with cold artificial CSF (aCSF), and 250 mm slices containing VTA were cut and transferred into a recording chamber containing aCSF, 5 mM morphine, or the opioid receptor antagonist naloxone (1 mM). The firing rates of VTA DA neurons from sham-or morphine-pelleted mice were determined using extracellular single unit recording and for Kir2.1 channel studies, single unit recordings were obtained from DA neurons in VTA slice cultures generated $48 hr after the last pellet, as described previously (Krishnan et al., 2007) . For HSVRictor-T1135A studies, mice were pelleted with sham or morphine $48 hr after HSV injection and perfused $48 hr later, and VTA slices were made. VTA DA firing rate of GFP+ and À neurons was determined by cell-attached recording configuration as described previously (Cao et al., 2010) .
Voltammetric Assessment of DA Release
Three to four days following viral surgery, rats were anesthetized with urethane (300 mg/kg), placed in a stereotactic frame, and prepared for recordings of electrically evoked DA transmission using fast-scan cyclic voltammetry (Cheer et al., 2004) . For morphine studies, rats were pelleted as described above, then anesthetized 3-7 days later, a time range previously shown to exhibit decreased DA soma size . A bipolar stainless-steel stimulating electrode was advanced to VTA, a glass-encased cylindrical carbon fiber microelectrode targeted the medial shell of the NAc and a reference electrode (Ag/AgCl) was inserted into the right hemisphere posterior to Bregma. Electrical stimulation of VTA was delivered through the stimulating electrode and DA release was evoked using trains of 60 bipolar pulses of 300 mA amplitude at 60 Hz. DA was detected using fast-scan cyclic voltammetry at the carbon fiber microelectrode. The two hemispheres were recorded from successively and the order of recording was counterbalanced across rats. Experiments were only included in analysis when a full set of dorsoventral recordings from both hemispheres was obtained.
RNA Isolation and Quantitative Real-Time PCR
Punches from rat or mouse VTA were homogenized in Trizol and processed according to the manufacturer's protocol. RNA was then purified using RNAesy Micro columns (QIAGEN) and quality was assessed by spectroscopy. RNA was then reverse transcribed (iScript, BioRad) and quantified by quantitative PCR using SYBR green. Glyceraldehyde-3-phosphate dehydrogenase was utilized as a normalization control and all samples were run in triplicate and analyzed using the DDCt method as described previously .
Chromatin Immunoprecipitation
Tissue punches were obtained from rat VTA, cross-linked with 1% formaldehyde, quenched with 2 M glycine, and frozen at À80 C as described previously . Briefly, punches were pooled (four to five rats/sample) and chromatin was sonicated to $500 bp. Sonicated chromatin was immunoprecipitated, Dynabeads (Invitrogen) were used to collect the immunoprecipitates, and chromatin was reverse crosslinked. DNA was then purified and quantified using RT-PCR.
Conditioned Place Preference
Morphine conditioned place preference (CPP) was completed as described previously (Kelz et al., 1999) . Briefly, mice were placed in a three-chambered CPP box for 20 min to assess pretest preferences and ensure that there was no chamber bias. For the next three days mice were restrained to one chamber for 45 min in both the morning (saline) and the afternoon (5 or 15 mg/kg morphine). Locomotor activity was assessed during each pairing session. On day 5 mice were placed in the center chamber and allowed to move throughout the chamber for a 20 min test session. Data are represented as time spent in the paired -time spent in the unpaired chamber.
Statistics
All values reported are mean ± SEM. Unpaired Student t tests were used for the analysis of studies with two experimental groups. One-way analysis of variance (ANOVA) was used for analysis of three or more groups, followed by Tukey or Dunnett's post-hoc tests, when appropriate. Main effects were considered significant at p < 0.05. For the locomotor activity data, a repeated-measures two-way ANOVA was completed (main effects and interaction considered significant at p < 0.05) followed by Bonferroni post-test, if appropriate.
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